Introduction {#Sec1}
============

For decades, the *B*-meson system has been an exciting playground for theorists and experimentalists to test the flavour- and CP-violating sector of the Standard Model (SM) \[[@CR1]\], which is encoded in the Cabibbo--Kobayashi--Maskawa (CKM) matrix \[[@CR2], [@CR3]\]. After an era of pioneering measurements at the *B* factories with the BaBar and Belle experiments as well as the Tevatron, the experimental stage is currently governed by the Large Hadron Collider (LHC) with its dedicated *B*-decay experiment LHCb. In the near future, Belle II at the KEK Super *B* Factory will join these explorations, allowing for exciting new opportunities \[[@CR4], [@CR5]\], which will be complemented by the LHCb upgrade \[[@CR6]\].Fig. 1Topologies contributing to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B_d^0 \rightarrow \pi ^0 K^0$$\end{document}$ channel
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                \begin{document}$$B\rightarrow \pi K$$\end{document}$ channels are a particularly interesting decay class (for a selection of original references, see Refs. \[[@CR7]--[@CR16]\]). These modes are dominated by QCD penguin topologies as the tree contributions are strongly suppressed by the tiny CKM matrix element $\documentclass[12pt]{minimal}
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                \begin{document}$$B^0_d\rightarrow \pi ^0K^0$$\end{document}$, colour-allowed electroweak (EW) penguin topologies enter at the same level as colour-allowed tree amplitudes, contributing $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal{O}(10\%)$$\end{document}$ to the decay amplitudes. As an illustration, we show the decay topologies that contribute to the $\documentclass[12pt]{minimal}
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                \begin{document}$$B\rightarrow \pi K$$\end{document}$ modes are especially promising. Examples of specific models are given by NP scenarios with extra $\documentclass[12pt]{minimal}
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                \begin{document}$$Z'$$\end{document}$ bosons \[[@CR19]--[@CR22]\], which are receiving a lot of attention in view of anomalies in rare *B*-decay data (see Ref. \[[@CR23]\] and references therein).

In general, NP contributions are associated with new sources of CP violation that can be probed through CP-violating observables. In this respect, $\documentclass[12pt]{minimal}
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                \begin{document}$$B^0_d\rightarrow \pi ^0 K_\mathrm{S}$$\end{document}$ is a particularly interesting decay as it is the only $\documentclass[12pt]{minimal}
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                \begin{document}$$B\rightarrow \pi K$$\end{document}$ mode exhibiting mixing-induced CP violation \[[@CR24], [@CR25]\]. This phenomenon emerges from interference between $\documentclass[12pt]{minimal}
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                \begin{document}$$B\rightarrow \pi K$$\end{document}$ system. This paper complements Refs. \[[@CR26], [@CR27]\], where we gave a compact presentation of the main results discussed in detail below.

Analyses of non-leptonic *B* decays are in general very challenging due to hadronic matrix elements of four-quark operators entering the corresponding low-energy effective Hamiltonians. In the case of the $\documentclass[12pt]{minimal}
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                \begin{document}$$B\rightarrow \pi K$$\end{document}$ decays, the flavour symmetries of strong interactions imply relations between the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B\rightarrow \pi K$$\end{document}$ amplitudes and those of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B\rightarrow \pi \pi , KK$$\end{document}$ systems, which allow us to eliminate the hadronic amplitudes or to determine them from experimental data for the latter decays.

In our analysis, we aim at keeping the theoretical assumptions about strong interactions as minimal as possible, and shall use results from QCD factorization (QCDF) to include *SU*(3)-breaking corrections \[[@CR13]\]. A central role is played by an isospin relation between amplitudes of neutral $\documentclass[12pt]{minimal}
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                \begin{document}$$B\rightarrow \pi K$$\end{document}$ decays. Complementing it with an *SU*(3) input to just fix a certain normalisation, this relation allows us to calculate a correlation between the direct and mixing-induced CP asymmetries of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B^0_d\rightarrow \pi ^0 K_\mathrm{S}$$\end{document}$ mode \[[@CR25]\]. We find an intriguing tension with the SM, implying either that the current central values of the relevant observables will change in the future or signals of NP contributions which involve in particular new sources of CP violation.

In order to clarify this situation and to reveal the dynamics underlying the EW penguin contributions of the $\documentclass[12pt]{minimal}
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                \begin{document}$$B\rightarrow \pi K$$\end{document}$ decays, we develop a new strategy to determine the corresponding parameters. It utilises again the isospin relation between the neutral $\documentclass[12pt]{minimal}
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                \begin{document}$$B\rightarrow \pi K$$\end{document}$ decays as well as its counterpart for the charged modes. As the experimental picture is sharper for the latter case, we perform a detailed analysis of these modes, resulting in the currently most stringent constraints on the EW penguin parameters. In the future, these quantities can be determined with the help of measurements of the mixing-induced CP asymmetry of $\documentclass[12pt]{minimal}
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                \begin{document}$$B^0_d\rightarrow \pi ^0 K_\mathrm{S}$$\end{document}$. We illustrate the promising potential of this method by discussing a variety of scenarios. The Belle II experiment offers exciting prospects for future measurements of the CP asymmetries in $\documentclass[12pt]{minimal}
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                \begin{document}$$B\rightarrow \pi K, \pi \pi $$\end{document}$ modes with charged pions and kaons in the final states, the LHCb upgrade will also have an important impact for the implementation of the new strategy.

The outline of this paper is as follows: in Sect. [2](#Sec2){ref-type="sec"}, we discuss the hadronic parameters following from the current $\documentclass[12pt]{minimal}
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                \begin{document}$$B^0_d\rightarrow \pi ^0\pi ^0$$\end{document}$. Having these parameters at hand, we apply the *SU*(3) flavour symmetry to calculate their $\documentclass[12pt]{minimal}
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                \begin{document}$$B^0_d\rightarrow \pi ^0K_\mathrm{S}$$\end{document}$ and discuss the intriguing picture following from the current measurements. In Sect. [5](#Sec18){ref-type="sec"}, we present the details of the new method to determine the EW penguin parameters, apply it to the current data and demonstrate that we can match the expected experimental precision in the era of Belle II and the LHC upgrade(s) with the theoretical uncertainties. Finally, we summarize our conclusions in Sect. [6](#Sec21){ref-type="sec"}.
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Amplitude structure {#Sec3}
-------------------
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                \begin{document}$$B\rightarrow \pi \pi $$\end{document}$ observables, and present updated values for the hadronic parameters. The amplitudes of the charged and neutral $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B\rightarrow \pi \pi $$\end{document}$ decays satisfy the following isospin relation \[[@CR28]\]:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned}&\sqrt{2}A(B^+\rightarrow \pi ^+\pi ^0)\nonumber \\&\quad =A(B^0_d\rightarrow \pi ^+\pi ^-)+\sqrt{2}A(B^0_d\rightarrow \pi ^0\pi ^0), \end{aligned}$$\end{document}$$and have contributions from colour-allowed tree ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal{T}$$\end{document}$), colour-suppressed tree ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal{C}$$\end{document}$), penguin ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal{P}$$\end{document}$), exchange ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal {E}$$\end{document}$), and penguin-annihilation ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal{PA}$$\end{document}$) topologies. The amplitudes can be parametrised in the following way \[[@CR17], [@CR18]\]:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$\begin{aligned} \gamma = (70 \pm 7)^\circ , \end{aligned}$$\end{document}$$which is an average of the experimental results compiled by the CKMfitter \[[@CR36]\] and UTfit \[[@CR41]\] collaborations and agrees with Ref. \[[@CR42]\]. In the future, the uncertainty of the $\documentclass[12pt]{minimal}
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                \begin{document}$$1^\circ $$\end{document}$ level thanks to Belle II and the LHCb upgrade \[[@CR4]--[@CR6]\].
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Observables {#Sec4}
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Hadronic parameters {#Sec5}
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Determination of the hadronic parameters {#Sec8}
----------------------------------------
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Let us now determine the hadronic $\documentclass[12pt]{minimal}
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                \begin{document}$$B\rightarrow \pi \pi $$\end{document}$ data yielding the results in Eq. ([38](#Equ38){ref-type=""}); **b** scenario for the expected future precision as discussed in the text

In Fig. [3](#Fig3){ref-type="fig"}a, we compare this determination with $\documentclass[12pt]{minimal}
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The impressive agreement between the two determinations in Fig. [3](#Fig3){ref-type="fig"}a does not indicate non-factorizable *SU*(3)-breaking corrections within the current experimental precision. In order to quantify this feature, we reverse Eq. ([56](#Equ56){ref-type=""}) and use it to determine $\documentclass[12pt]{minimal}
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Utilizing non-perturbative QCD sum rule techniques and allowing for non-factorizable effects, the parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} R_{T+C}= & {} \left| (1.21_{-\,0.014}^{+0.015}) + (0.008_{-\,0.015}^{+0.013})i\right| \nonumber \\= & {} 1.21 \pm 0.015. \end{aligned}$$\end{document}$$Interestingly, a small CP-conserving strong phase arises in this calculation, resembling a picture in analogy to Eq. ([38](#Equ38){ref-type=""}). Moreover, the agreement between Eqs. ([55](#Equ55){ref-type=""}) and ([61](#Equ61){ref-type=""}) indicates that non-factorizable effects have actually a small impact on this parameter.
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We include non-factorizable corrections to the relation in Eq. ([51](#Equ51){ref-type=""}) via$$\documentclass[12pt]{minimal}
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Let us now determine the parameters *r* and $\documentclass[12pt]{minimal}
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### Colour-suppressed electroweak penguins {#Sec11}

In the case of the observable *R*, we obtain$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} R= & {} 1-2\,r\cos \delta \cos \gamma +2 \, r_\mathrm{c} \, \tilde{a}_\mathrm{C} \, q \cos \phi \nonumber \\&-\,2 \rho _\mathrm{c} \cos \theta _\mathrm{c} \cos \gamma + \mathcal{O}(r_\mathrm{(c)}^2, \rho _c^2), \end{aligned}$$\end{document}$$where$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \tilde{a}_C \equiv a_C \cos (\delta _\mathrm{c} + \Delta _C) \end{aligned}$$\end{document}$$ Table 2Overview of the current measurements in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B\rightarrow \pi K$$\end{document}$ system \[[@CR29]\]Mode$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathcal Br}[10^{-6}]$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_\text {CP}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$S_\text {CP}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{B}^0_d\rightarrow \pi ^+ K^-$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$19.6\pm 0.5$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ -\,0.082 \pm 0.006$$\end{document}$--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{B}^0_d\rightarrow \pi ^0 \bar{K}^0$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$9.9\pm 0.5$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 0.00 \pm 0.13$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.58 \pm 0.17$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B^+\rightarrow \pi ^+ K_S$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 23.7\pm 0.8$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$-\,0.017\pm 0.016 $$\end{document}$--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B^+\rightarrow \pi ^0 K^+ $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 12.9\pm 0.5$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.037\pm 0.021 $$\end{document}$--

describes the colour-suppressed EW penguin topologies. The direct CP asymmetry of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B_d^0\rightarrow \pi ^- K^+$$\end{document}$ channel takes the form$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} A_{\text {CP}}^{\pi ^-K^+}\equiv & {} \mathcal {A}^\mathrm{dir}_\mathrm{CP} (B_d^0\rightarrow \pi ^- K^+)\nonumber \\= & {} \frac{4}{3} r_c\; \tilde{a}_S q \sin \phi - 2 r \sin \delta \sin \gamma +\mathcal{O}(r_\mathrm{(c)}^2) \end{aligned}$$\end{document}$$with$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \tilde{a}_S \equiv a_C \sin (\delta _c + \Delta _C). \end{aligned}$$\end{document}$$The parameter $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{a}_S$$\end{document}$ enters also the direct CP asymmetries of the other $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B\rightarrow \pi K$$\end{document}$ decays. For small phases $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\delta _c$$\end{document}$ (see Eq. ([65](#Equ65){ref-type=""})) and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta _C$$\end{document}$, the sine term results in a strong suppression of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{a}_S$$\end{document}$. Having the hadronic parameters in Sect. [3.2](#Sec8){ref-type="sec"} at hand, *R* and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_{\text {CP}}^{\pi ^-K^+}$$\end{document}$ allow the determination of the colour-suppressed EW penguin contributions $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{a}_C$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{a}_S$$\end{document}$. Neglecting sub-leading terms, we find$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \tilde{a}_S \;q \sin \phi&= \frac{3 (A_\mathrm{CP}^{\pi ^-K^+} + 2r\sin \delta \sin \gamma )}{4 r_c }, \end{aligned}$$\end{document}$$ $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \tilde{a}_C \;q \cos \phi {}&= \frac{R - 1 + 2r \cos \delta \cos \gamma + 2\rho _c \cos \theta _c \cos \gamma }{2 r_c } . \end{aligned}$$\end{document}$$Using the parameters in Table [3](#Tab3){ref-type="table"} gives$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \tilde{a}_\mathrm{C} \, q \cos \phi= & {} -\,0.10 \pm 0.15,\nonumber \\ \tilde{a}_\mathrm{S} \, q \sin \phi= & {} -\,0.005\pm 0.274. \end{aligned}$$\end{document}$$Assuming the SM value of *q* in Eq. ([40](#Equ40){ref-type=""}), we obtain$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \tilde{a}_\mathrm{C}|_\mathrm{SM}=-\,0.15 \pm 0.23, \end{aligned}$$\end{document}$$which supports the expectation that colour-suppressed EW penguins play a minor role.Table 3Input and hadronic $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B\rightarrow \pi K$$\end{document}$ parameters obtained from the current $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B\rightarrow \pi \pi $$\end{document}$ data, including uncertainties from *SU*(3)-breaking effects as discussed in Sect. [3.2](#Sec8){ref-type="sec"}ParameterValue$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\gamma $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(70 \pm 7)^\circ $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi _d$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(43.2 \pm 1.8)^\circ $$\end{document}$*r*$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.09 \pm 0.03 $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\delta $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(28.6\pm 21.4)^\circ $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$r_\mathrm{c}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.17 \pm 0.05$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\delta _\mathrm{c} $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(1.9 \pm 21.4)^\circ $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\rho _\mathrm{c}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.03 \pm 0.01 $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\theta _\mathrm{c} $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(2.6\pm 4.6)^\circ $$\end{document}$

### Direct CP asymmetries and sum rules {#Sec12}
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Vanishing CP violation in the electroweak penguin sector {#Sec13}
--------------------------------------------------------
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The amplitude parametrizations given above yield$$\documentclass[12pt]{minimal}
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Correlations between CP asymmetries of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varvec{B^0_d\rightarrow \pi ^0 K_\mathrm{S}}$$\end{document}$ {#Sec14}
================================================================================================

Preliminaries {#Sec15}
-------------

The mixing-induced CP asymmetry of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B_d^0\rightarrow \pi ^0K_\mathrm{S}$$\end{document}$ channel is a particularly interesting probe for testing the SM. In the previous section, we have used hadronic parameters which were determined from $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B\rightarrow \pi \pi $$\end{document}$ data by means of the *SU*(3) flavour symmetry, resulting in the picture shown in Fig. [4](#Fig4){ref-type="fig"}. Interestingly, we can obtain a much more precise correlation in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_\mathrm{CP}^{\pi ^0 K_\mathrm{S}}$$\end{document}$--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$S_\mathrm{CP}^{\pi ^0 K_\mathrm{S}}$$\end{document}$ plane, as was pointed out first in \[[@CR25]\]. In the following, we discuss this determination in more detail and update the analysis of \[[@CR25]\]. In the next section, we also add a new element to the discussion, which strengthens the tension within the SM.

The starting point is given by the following isospin relations \[[@CR7], [@CR8], [@CR25]\]:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned}&\sqrt{2} A(B_d^0\rightarrow \pi ^0 K^0) + A(B^0\rightarrow \pi ^- K^+) \nonumber \\&\quad = - (\hat{T}' +\hat{C}')e^{i\gamma } + \left( \hat{P}'_{EW}+{\hat{ P}^{'\mathrm{C}}_{EW}}\right) \equiv 3A_{3/2}, \end{aligned}$$\end{document}$$ $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned}&\sqrt{2} A(\bar{B}_d^0\rightarrow \pi ^0 \bar{K}^0) + A(\bar{B}^0\rightarrow \pi ^+ K^-) \nonumber \\&\quad = 3\bar{A}_{3/2}, \end{aligned}$$\end{document}$$where the isospin $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$I=3/2$$\end{document}$ amplitude $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_{3/2}$$\end{document}$ and its CP-conjugate $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{A}_{3/2}$$\end{document}$ are given by$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} 3 A_{3/2} {}&\equiv 3 |A_{3/2}|e^{i\phi _{3/2}}=- \left[ \hat{T}'+\hat{C}'\right] (e^{i\gamma }-qe^{+i\phi }), \end{aligned}$$\end{document}$$ $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} 3 \bar{A}_{3/2} {}&\equiv 3 |\bar{A}_{3/2}|e^{i\bar{\phi }_{3/2}}=- \left[ \hat{T}'+\hat{C}'\right] (e^{-i\gamma }-qe^{-i\phi }). \end{aligned}$$\end{document}$$Here we have used $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\omega =0^{\circ }$$\end{document}$ and observe the relation$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \bar{\phi }_{3/2}=-\phi _{3/2}. \end{aligned}$$\end{document}$$The absolute value of the amplitude $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\hat{T}'+\hat{C}'$$\end{document}$ can be fixed through the measured branching ratio of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B^\pm \rightarrow \pi ^0\pi ^\pm $$\end{document}$ decay with the help of the *SU*(3) flavour symmetry \[[@CR9]\]:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} |\hat{T}'+\hat{C}'|= R_{T+C}\left| \frac{V_{us}}{V_{ud}}\right| \sqrt{2} |A(B^+\rightarrow \pi ^+ \pi ^0)|. \end{aligned}$$\end{document}$$As was pointed out in Ref. \[[@CR25]\], using measured CP-averaged branching ratios and direct CP asymmetries, the amplitude relations in Eqs. ([111](#Equ111){ref-type=""}--[116](#Equ116){ref-type=""}) allow us to determine the angle $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi _{00}$$\end{document}$ for given values of the EW penguin parameters *q* and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi $$\end{document}$, in particular also for the SM case as described by Eq. ([40](#Equ40){ref-type=""}). Having $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi _{00}$$\end{document}$ at hand, the expression in Eq. ([101](#Equ101){ref-type=""}) allows us to calculate a contour in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_\mathrm{CP}^{\pi ^0 K_\mathrm{S}}$$\end{document}$--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$S_\mathrm{CP}^{\pi ^0 K_\mathrm{S}}$$\end{document}$ plane. The corresponding correlation relies only on the clean isospin relations in Eqs. ([111](#Equ111){ref-type=""}) and ([112](#Equ112){ref-type=""}) and the *SU*(3) input given by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_{T+C}$$\end{document}$ in Eq. ([116](#Equ116){ref-type=""}), which is a very robust parameter as discussed in Sect. [3.2](#Sec8){ref-type="sec"}.

It is instructive to have a closer look at the corresponding analysis. The isospin relation in Eq. ([111](#Equ111){ref-type=""}) can be represented by an amplitude triangle in the complex plane as depicted in Fig. [5](#Fig5){ref-type="fig"}. For given EW penguin parameters *q* and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi $$\end{document}$, such as in the SM which we consider in the following discussion, the amplitudes $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_{3/2}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{A}_{3/2}$$\end{document}$ are fixed. Using the direct asymmetries $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ A_{\text {CP}}^{\pi ^0 K_{\text {S}}} $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_{\text {CP}}^{\pi ^- K^+}$$\end{document}$ taking the forms$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} A_{\text {CP}}^{\pi ^0 K_{\text {S}}}= & {} \frac{|\bar{A}_{00}|^2 - |A_{00}|^2}{|\bar{A}_{00}|^2 + |A_{00}|^2},\nonumber \\ A_{\text {CP}}^{\pi ^- K^+}= & {} \frac{|\bar{A}_{-+}|^2 - |A_{-+}|^2}{|\bar{A}_{-+}|^2 + |A_{-+}|^2} \end{aligned}$$\end{document}$$ Fig. 5Illustration of the amplitude triangles following from the isospin relations in Eqs. ([111](#Equ111){ref-type=""}) and ([112](#Equ112){ref-type=""}). The solid triangle corresponds to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B^0_d \rightarrow \pi ^0 K^0$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B^0_d\rightarrow \pi ^-K^+$$\end{document}$ decays while the dashed one represents the CP-conjugate processes

with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|A_{-+}| \equiv |A(B_d^0 \rightarrow \pi ^- K^+)|$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${|\bar{A}_{-+}|} \equiv |A(\bar{B}^0_d \rightarrow \pi ^+ K^- )|$$\end{document}$, and the CP-averaged branching ratios allows the determination of the absolute values of the individual amplitudes. Finally, we determine $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi _{00}$$\end{document}$ and subsequently $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ S_{\text {CP}}^{\pi ^0 K_{\text {S}}}$$\end{document}$ using Eq. ([101](#Equ101){ref-type=""}). Since the triangles can be flipped around the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_{3/2}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{A}_{3/2}$$\end{document}$ axes, we obtain a four-fold ambiguity for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi _{00}$$\end{document}$ and correspondingly for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ S_{\text {CP}}^{\pi ^0 K_{\text {S}}}$$\end{document}$.Fig. 6The four orientations of the amplitude triangles for current data and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_{\text {CP}}^{\pi ^0 K_{\text {S}}}$$\end{document}$ in Eq. ([93](#Equ93){ref-type=""}). Varying $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_{\text {CP}}^{\pi ^0 K_{\text {S}}}$$\end{document}$, the triangle configurations correspond to the contours in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_{\text {CP}}^{\pi ^0 K_{\text {S}}}$$\end{document}$--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$S_{\text {CP}}^{\pi ^0 K_{\text {S}}}$$\end{document}$ plane shown in Fig. [7](#Fig7){ref-type="fig"} with the same colour

Let us illustrate this method by taking $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_{\text {CP}}^{\pi ^0 K_{\text {S}}}$$\end{document}$ from the sum rule in Eq. ([93](#Equ93){ref-type=""}) and central values of the measured observables. The four orientations of the resulting triangles are shown in Fig. [6](#Fig6){ref-type="fig"}, and correspond to the angles $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi _{00}$$\end{document}$ and mixing-induced CP asymmetries $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$S_{\text {CP}}^{\pi ^0 K_{\text {S}}}$$\end{document}$ given in Table [5](#Tab5){ref-type="table"}. The triangles are drawn in arbitrary units, since only the shape of the triangles is important for the determination of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi _{00}$$\end{document}$.

If we now vary the direct CP asymmetry of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B_d^0 \rightarrow \pi ^0 K_S$$\end{document}$, we obtain a correlation between $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$S_{\text {CP}}^{\pi ^0 K_{\text {S}}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_{\text {CP}}^{\pi ^0 K_{\text {S}}}$$\end{document}$ \[[@CR17], [@CR25]\]. This results in the four contours in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_{\text {CP}}^{\pi ^0 K_{\text {S}}}$$\end{document}$--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$S_{\text {CP}}^{\pi ^0 K_{\text {S}}}$$\end{document}$ plane shown in Fig. [7](#Fig7){ref-type="fig"}a, b, where we have also taken the experimental errors and the uncertainties of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_{T+C}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_q$$\end{document}$ into account. The four contours correspond to the configurations in Fig. [6](#Fig6){ref-type="fig"} where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi _{00}$$\end{document}$ is labelled with the same colour. We have also included the current experimental data point for the CP asymmetries from Table [2](#Tab2){ref-type="table"}, and the vertical band refers to the sum rule value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_{\text {CP}}^{\pi ^0 K_{\text {S}}}$$\end{document}$ in Eq. ([93](#Equ93){ref-type=""}). In addition, the narrow bands illustrate a future scenario including only the expected theory uncertainties for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_q$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_{T+C}$$\end{document}$ in Eqs. ([41](#Equ41){ref-type=""}) and Eq. ([62](#Equ62){ref-type=""}), respectively.

Discrete ambiguities {#Sec16}
--------------------

The four-fold ambiguity arising from the different orientations of the amplitude triangles can be distinguished through the strong phase $\documentclass[12pt]{minimal}
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In Fig. [8](#Fig8){ref-type="fig"}, we summarize the intriguing picture following from the isospin triangles, showing only the contour remaining once the constraints from Sect. [4.2](#Sec16){ref-type="sec"} have been applied. In comparison with Fig. [4](#Fig4){ref-type="fig"}, we obtain a much cleaner picture, requiring only *SU*(3) input for the parameters $\documentclass[12pt]{minimal}
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The observed discrepancy arising within the SM between the isospin relation and the measured mixing-induced CP asymmetries is at the $\documentclass[12pt]{minimal}
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Therefore, it is far from trivial to fulfil all constraints simultaneously and an interesting question to explore is how the data would have to change in order to get agreement with the SM. In view of the large experimental uncertainty of the $\documentclass[12pt]{minimal}
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On the other hand, the puzzling situation may also be a signal of NP effects in the EW penguin sector, thereby affecting the values of *q* and $\documentclass[12pt]{minimal}
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Extracting the electroweak penguin parameters {#Sec18}
=============================================

Preliminaries {#Sec19}
-------------

In the previous section, we have used the isospin relations in Eqs. ([111](#Equ111){ref-type=""}) and ([112](#Equ112){ref-type=""}) to calculate a correlation between the direct and mixing-induced CP asymmetries of the $\documentclass[12pt]{minimal}
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In order to achieve this goal, we apply again the isospin relations in Eqs. ([111](#Equ111){ref-type=""}) and ([112](#Equ112){ref-type=""}) for the neutral $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B\rightarrow \pi K$$\end{document}$ decays. These relations have also counterparts in the system of the charged $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B\rightarrow \pi K$$\end{document}$ decays, where the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B^+\rightarrow \pi ^0 K^+$$\end{document}$ mode receives significant contributions from colour-allowed EW penguin topologies. We have$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned}&\sqrt{2} A(B^+\rightarrow \pi ^0 K^+) + A(B^+\rightarrow \pi ^+ K^0) \nonumber \\&\quad = 3A_{3/2} \equiv 3|A_{3/2}| e^{i\phi _{3/2}} \end{aligned}$$\end{document}$$ $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned}&\sqrt{2} A(B^-\rightarrow \pi ^0 K^-) + A(B^-\rightarrow \pi ^- \bar{K}^0) \nonumber \\&\quad = 3\bar{A}_{3/2} \equiv 3|\bar{A}_{3/2}| e^{i\bar{\phi }_{3/2}}, \end{aligned}$$\end{document}$$where the isospin amplitude $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_{3/2}$$\end{document}$ and its CP-conjugate $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{A}_{3/2}$$\end{document}$ are given in Eqs. ([113](#Equ113){ref-type=""}) and ([114](#Equ114){ref-type=""}), respectively.

In view of the large experimental uncertainties of the CP-violating observables of the $\documentclass[12pt]{minimal}
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Fig. 14Illustration of the future scenarios specified in Table [6](#Tab6){ref-type="table"}. For the constraints following from measurements of $\documentclass[12pt]{minimal}
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For the isospin triangle constraints in Fig. [14](#Fig14){ref-type="fig"}, we only show the contours that remain after taking constraints from $\documentclass[12pt]{minimal}
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Progress on theory and the interplay with experiment may lead to an even sharper picture for the hadronic parameters (see Sect. [3.2](#Sec8){ref-type="sec"} and Ref. \[[@CR42]\]). As an illustration, we assume a scenario where the *SU*(3)-breaking corrections can be reduced by a factor of four with respect to the current situation. Taking only these uncertainties into account, we obtain the constraints in Fig. [15](#Fig15){ref-type="fig"}. These considerations show the exciting potential of the new strategy, going even beyond the next generation of *B*-decay experiments.Fig. 15Scenario 1 taking only the expected future theory uncertainties into account

Finally, it is interesting to return to the sum rules discussed in Sect. [3.3.3](#Sec12){ref-type="sec"}. The question arises whether they would be significantly affected by the NP scenarios discussed above. In Fig. [16](#Fig16){ref-type="fig"}, we show both sum rules as functions of *q* for several values of $\documentclass[12pt]{minimal}
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As usual, we neglect tiny CP violation in the neutral kaon system.
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